Detailed magneto-hydrodynamic (MHD) simulations of plasma flows in an inductively coupled plasma (ICP) heater are performed with air as the working gas. The plasma flows are numerically solved by the axisymmetric Navier-Stokes equations coupled with Park's two-temperature models and Dunn-Kang's chemical kinetic models to take into account the thermal and chemical non-equilibrium, while induction heating in plasmas is incorporated by solving the time-averaged MHD induction equations. Computations are done by changing the operating conditions such as the input power and the background pressure to examine how the plasma properties and the wall heat fluxes inside the discharge chamber depend on these parameters. Numerical results are compared with those of spectroscopic measurement. Good agreement is obtained in the downstream region where the flow is in local thermal equilibrium, however, qualitative discrepancy of electronic temperature between the theory and the experiment is found in the discharge chamber where Joule heating is significant.
Introduction
The Institute of Space Technology and Aeronautics, Japan Aerospace Exploration Agency (ISTA/JAXA), has been operating an arc-heated wind tunnel to investigate high-temperature environments in atmospheric re-entry situations. Surface catalytic effects or real gas effects on thermal protection system (TPS) materials have attracted attention as an important subjects, 1) in which flow contamination with melted electrode materials peculiar to the arc-heated wind tunnel is recognized as a problem. Therefore, the inductively coupled plasma (ICP)-heated wind tunnel, or plasmatron, which can produce test flows with less contamination, is expected as an attractive alternative ground test facility. Historically, this type of the wind tunnel has been developed in Russia and Europe. The new JAXA plasmatron has been designed and constructed to accurately evaluate TPS performance. 2) Compared to the arc-heated wind tunnel, the plasmatron can easily produce thermal and chemical equilibrium flows, and is useful for both tests of TPS materials and for fundamental research into plasma physics. For this reason, plasma diagnostic techniques can be improved by utilizing the plasmatron. However, information from experimental measurements is relatively fragmentary. It is difficult to obtain details, such as physical processes in plasmas, spatial distributions of species concentrations, and flow velocities. To cover these deficiencies, a magneto-hydrodynamics (MHD) simulation code is urgently required. The simulation code must be validated and improved by experimental results. Once evaluated, the accurate prediction code is expected to offer remarkable improvements to plasmatron performances and various diagnostic techniques.
From this viewpoint, new MHD code was developed and numerical simulations of air ICPs became possible under a broad range of actual operating conditions. Some numerical research on ICPs under thermal and chemical non-equilibrium has been done, 3) but most deals with argon plasmas and cannot be extend to more general cases such as air. As far as we know, Abeele et al. has carried out numerical simulations on air ICPs. 4) This work emphasized the importance of thermo-chemical non-equilibrium effects by comparing the results of the local thermal equilibrium model with those of the non-equilibrium model. However, the results have not been validated by experiments. This paper discusses the characteristics of air ICPs, and compares the numerical results with spectroscopic measurement results.
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ICP-heater and Experimental Setup
A schematic of the experimental setup is shown in Fig. 1 . The ICP-heater with a 3-turn induction coil can operate at a maximum power of 110 kW by supplying 1.78-MHz radio frequency current to the induction coil. The ICP-heater has a 75-mm diameter quartz discharge chamber covered by an outer quartz tube to form a cooling water jacket. The discharge chamber exit is connected directly to the vacuum chamber where the test section is arranged. In typical operation, the mass flow rate of air is about 2.0 g/s. Most of the gas is supplied from the 2.4-mm wide outer port and flows along the inner quartz tube wall with a swirling component to stabilize the plasma along the center axis. The enthalpy of the flow is approximately 20 MJ/kg and the thermal efficiency of the ICP-heater is about 40% in a typical condition.
The spectroscopic measurements are performed at two locations (Fig. 1) . The electronic excitation temperature is measured in the discharge chamber where the plasma is expected to be in non-equilibrium. A radial scan of the plasma in the discharge chamber is performed at a 40-mm downstream of the coil center. On the other hand, the molecular temperatures are measured at a single point in the test section where the uniform equilibrium plasma is believed to be produced. The focus is located approximately 390-mm downstream from the coil center along the center axis. Detailed descriptions of the experiment are given in Ref. 5 .
Outlines of Numerical Simulation
Calculation model
For numerical simulation, we simplify the structure of the discharge chamber to have a perfectly axisymmetric cylindrical configuration (Fig. 2) . All the working gas is supplied from the outer port and is exhausted from the outflow boundary. The induction coil turns three times around the discharge chamber and is located at r ¼ 51 and 51 < z < 84 mm with an interval of 16.5 mm. The diameter of the coil wiring is assumed to be infinitely small. To compute the flow and electromagnetic fields simultaneously and effectively, we introduce an identical grid system for both calculations. The calculation domain is 0 < r < 110 and À75 < z < 325 mm, which contains 61 Â 116 nodes in total. The distance of the outer boundaries from the coil position is chosen so that the intensity of the electromagnetic field is small enough to be given by zero as a boundary value along these boundaries. For flow field calculation, the region of 0 < r < 37:5 and 0 < z < 250 mm, which contains 36 Â 81 nodes, is used to cover the flow channel of the discharge chamber. The non-uniform grid is introduced with grid concentration near the wall in order to resolve the boundary layer of the flow in detail, while the clustered grid is used near the coil position to calculate the intensified electromagnetic field accurately in this region. The effect of the grid geometry on the computational result is eliminated by changing the grid geometry before starting practical computations.
Governing equations
The axisymmetric Navier-Stokes equations are solved to determine the flow field. Park's two-temperature models, 6, 7) in which the translational-rotational mode and the vibrational-electronic mode are separately solved, and Dunn-Kang's chemical reaction models, 4, 6) in which 11 air species (
are taken into consideration, are incorporated to describe thermal and chemical non-equilibrium states. The governing equations are given as follows:
Total Energy
The transport properties are taken from Refs. 8 and 9. The induced electric field is assumed to be purely toroidal, and to consist of a single Fourier mode of the operating frequency:
The electromagnetic field is expressed as the following time-averaged MHD induction equations: 
where the terms E and H are given by complex variables in order to take into account the phase differences. The timeaveraged Lorentz forces are expressed by
while the time-averaged Joule heating term is given by
where B Ã and E Ã represent the complex conjugate of B and E, respectively, and Re½ stands for the real part of the term between parentheses.
Numerical procedure
To calculate the flow field, the convective terms are discretized in the finite volume manner using the modified advection upstream splitting method by pressure-based weight functions (AUSMPW+) scheme, 10) while the viscous terms are simply discretized using the central difference scheme. The explicit second-order Ruge-Kutta scheme is used for time integration. For the electromagnetic field calculation, the governing equations are discretized using the central difference scheme and solved iteratively by the successive over relaxation (SOR) method. These equations are strongly coupled through the source terms and are simultaneously solved in every time step as long as a flow convergence is established.
For the ICPs under consideration, subsonic boundary conditions are applied as follows. At the inflow boundary, the mass flow rate, temperature, and species concentrations are imposed, while pressure is extrapolated from the calculation domain. On the other hand, at the outflow boundary, only the pressure is imposed and the other variables are extrapolated from the upstream points. The inner surface of the discharge chamber is assumed to be iso-thermal, and no-slip wall conditions are imposed.
In the present calculation, the electric power input to the plasma is given as one control parameter. To actualize this, at every iteration step, the Joule heating rate calculated with an assumed coil current is first integrated over the entire flow field, then the coil current is increased or decreased so that the bulk Joule heating rate coincides with the desired rate. From this standpoint, in the following part of this article, the input power refers to the power input to the plasma.
Results and Discussion
In this section, first, the fundamental characteristics of ICPs are shown and discussed. Second, the effects of operating parameters such as the input power and the background pressure on the characteristics of the ICPs are examined. The operating conditions tested in the present analysis are summarized in Tables 1 and 2 . Finally, the numerical results for the typical operating conditions are compared with the measurements. In all cases described below, the coil current frequency, inflow temperature, and mass flow rate are fixed at 1.78 MHz, 300 K and 2.0 g/s, respectively. Moreover, the swirling component is given by 10% of the axial flow velocity at the inflow boundary.
Fundamental characteristics of ICPs
The results for the most typical operating conditions are presented to discuss the fundamental flow characteristics. Figure 3 shows spatial contours of the translational-rotational temperature (denoted by T t ) at the top side and the vibrational-electronic temperature (T v ) at the bottom side. The value of T v is strongly elevated near the induction coil, having a peak temperature of 9,300 K. The working gas is found to form a cold-gas envelope surrounding the high temperature core. Since Park's two-temperature model is used, T t can increase only through relaxation between the translational-rotational and vibrational-electronic modes. For this reason, the maximum temperature of T t is lower than that 
Power sensitivity analysis
To examine the influence of the input power on the flow characteristics, a series of computations was conducted by changing the power with the background pressure unchanged as shown in Table 1 . Correlations between input power and temperature are shown in Fig. 5 , where the maximum temperatures at z ¼ 70 mm (coil center) and the temperatures at z ¼ 200 mm on the center axis are plotted. The differences between the maximum temperatures for T t and T v at z ¼ 70 mm are found to be more than 2,000 K in all cases, suggesting that the plasmas are in the thermal nonequilibrium in the coil region. On the other hand, in the downstream region, T t and T v are nearly identical, and the plasmas are in the local thermal equilibrium in all cases. All the temperatures rise only slightly as the input power increases. The non-equilibrium property of the plasma is limited to the coil region and is insensitive to input power. Figure 6 shows the heat fluxes transferred to the wall side for different input powers. As seen in Fig. 7 , as the input power increases, the core diameter of plasmas increases while the thickness of the cold-gas envelope decreases correspondingly, resulting in an increased heat flux. At pwr-50, the heat flux has a distinct peak at the axial location of about z ¼ 120 mm, corresponding to the region where the plasma is highly heated by Joule heating. At high-power actual operation, the quartz discharge chamber is frequently damaged. The computational results reproduce this tendency qualitatively.
Pressure sensitivity analysis
To examine the influence of the background pressure on the flow characteristics, a series of computations was conducted by changing background pressure with the input power unchanged as shown in Table 2 . The correlations between background pressure and temperature are shown in Fig. 8. Like Fig. 5 , the differences between the maximum temperatures for T t and T v at z ¼ 70 mm are also more than 2,000 K in all cases. In contrast to Fig. 5 , at low pressures, T t and T v are not identical even in the downstream region as the chamber pressure decreases. This is because the typical time for relaxation between T t and T v becomes longer in the low-pressure environment. The non-equilibrium property of the plasma is very sensitive to background pressure. Figure 9 shows the heat fluxes transferred to the wall side for different background pressures. As seen in Fig. 10 , the thickness of the cold-gas envelope decreases as the pressure decreases, resulting in an increased heat flux, as observed when the input power is increased (Fig. 6) . However, the in- 
Comparison with measurement
The numerical results were compared with experimental results. Radial distributions of temperature at the axial location of z ¼ 110 mm, which coincides with the 40-mm downstream location from the coil center, are shown in Fig. 11 . The measured electronic temperatures are also presented for comparison. Because the thermal efficiency of the ICP-heater is estimated to be approximately 40%, the measured temperatures are those of the 90-kW power input to the induction coil in the experiment. There is a large qualitative discrepancy in the distribution profiles and maximum temperatures. In the experiments, only the electronic excitation temperature is measured. On the other hand, in the calculation, the vibrational-electronic temperature is solved. The two-temperature models assume thermal equilibrium between the electronic and vibrational modes. For this reason, the electronic energy supplied by Joule heating is absorbed instantaneously into the molecular vibrational energy. Therefore, the calculation is thought to underpredict the maximum temperature of the electronic mode, suggesting that the two-temperature model is limited to simulating the heating mechanism of the ICPs in detail. For other causes of the discrepancy, effects of the detailed structure of the discharge chamber, such as the configuration of the cooling water jacket and induction coil, should be considered, because they may influence the boundary and inflow conditions, etc.
On the other hand, the radial temperature profiles at z ¼ 200 mm are shown in Fig. 12 . The molecular temperature measured at z ¼ 460 mm is presented as a reference. The flow is continuously subsonic and the flow channel section is almost uniform in the streamwise direction, therefore the temperature is expected to be almost unchanged in the downstream direction. The measured molecular temperatures are approximately 6,000 K with error bars of 1,000 K, showing good agreement with the core temperature of the numerical prediction. Moreover, the temperatures for T t and T v are close except near the wall boundary, suggesting that the local thermal equilibrium state is established in the downstream region of the discharge chamber.
Conclusions
A new MHD code incorporating the thermal non-equilibrium and chemical kinetics has been developed and applied to numerical simulations of ICPs with air as the working gas. The effects of the input power and background pressure on the plasma properties in the discharge chamber are examined by using practical operating conditions. Considerable thermal non-equilibrium between the translational-rotational and vibrational-electronic temperatures is found in the coil region where the inductively coupled plasma heating is significant. However, the flow is almost in local thermal equilibrium in the downstream region of the discharge chamber.
As the input power increases, the diameter of the hightemperature plasma core expands in the radial direction while the thickness of the cold-gas envelope surrounding the plasma core decrease accordingly, resulting in an increase in the heat flux transferred to the wall. The decrease in the background pressure operates similarly to increase in heat flux, although heat flux is less sensitive to background pressure than to input power. The decrease in background pressure causes thermal non-equilibrium even in the downstream region.
Comparison of the numerical predictions with the experiment shows good agreement in the downstream region, but a considerable discrepancy between theory and experiment is found in the coil region. This suggests that two-temperature approximation used in this analysis fails in the region where induction heating is significant. To solve this problem, we are currently improving the numerical model by introducing a three-temperature model together with modifications for chemical kinetic models.
